A B S T R A C T In previous work we found that vitamin D-deficiernt and also calcium-deficient rats developed hypocalcemia and an impairment of bone formation and mineralization. The present study of thyroparathyroidectomized (TPTX) rats was undertaken to determine the effect of hypocalcemia without secondary hyperparathyroidism. TPTX rats fed a normal diet developed hypocalcemia and hyperphosphatemia in association with impairment of osteoblastic bone matrix formation and of mineralization of newly formed matrix. The serum calcium X phosphorus product was not decreased. The decreased formation was largely due to a reduction in matrix apposition indicating decreased synthetic activity of individual osteoblasts. In contrast to the above results, when TPTX rats were fed a high-calcium diet to prevent hypocalcemia, no impairment of either formation or mineralization was found. From the results of these two experiments, it is reasonably certain that hypocalcemia was responsible for the inhibition of formation and mineralization. Moreover, based on the magnitude of the changes in serum calcium and bone parameters in TPTX rats, hypocalcemia could have accounted for the inhibition of formation and mineralization in calcium-deficient as well as vitamin D-deficient rats.
A B S T R A C T In previous work we found that vitamin D-deficiernt and also calcium-deficient rats developed hypocalcemia and an impairment of bone formation and mineralization. The present study of thyroparathyroidectomized (TPTX) rats was undertaken to determine the effect of hypocalcemia without secondary hyperparathyroidism. TPTX rats fed a normal diet developed hypocalcemia and hyperphosphatemia in association with impairment of osteoblastic bone matrix formation and of mineralization of newly formed matrix. The serum calcium X phosphorus product was not decreased. The decreased formation was largely due to a reduction in matrix apposition indicating decreased synthetic activity of individual osteoblasts. In contrast to the above results, when TPTX rats were fed a high-calcium diet to prevent hypocalcemia, no impairment of either formation or mineralization was found. From the results of these two experiments, it is reasonably certain that hypocalcemia was responsible for the inhibition of formation and mineralization. Moreover, based on the magnitude of the changes in serum calcium and bone parameters in TPTX rats, hypocalcemia could have accounted for the inhibition of formation and mineralization in calcium-deficient as well as vitamin D-deficient rats.
In TPTX rats the mineralization defect was manifested by decreases in both the rate of osteoid maturation (indicating a delayed onset of mineralization) and the rate of mineralization. A strong correlation (r= 0.95, P < 0.001) was observed between these two rates suggesting a tight coupling of these two aspects of mineralization.
TPTX rats also had lower bone resorption rates and higher serum phosphorus levels than sham-operated ani-
INTRODUCTION
In a previous study we found that vitamin D deficiency resulted in an inhibition of osteoblastic bone matrix formation and an impairment of matrix mineralization (1) . The factor(s) responsible for these changes could not be established because in addition to having vitamin D deficiency, the animals were hypocalcemic and thus presumably had secondary hyperparathyroidism.
The possibility that hypocalcemia was responsible for the inhibition of formation and mineralization was supported by the finding of strong correlations between the rates of formation and mineralization and serum calcium but not phosphorus (1) , and also by the results of a subsequent study on calcium-deficient animals. Rats fed a diet deficient in calcium but adequate in vitamin D developed hypocalcemia in association with an inhibition of formation and mineralization of similar magnitude to that observed in vitamin D-deficient animals (2) . These results suggested that hypocalcemia, or hypocalcemia and secondary hyperparathyroidism, were responsible for the inhibition of formation and mineralization.
If hypocalcemia were the cause of these changes, one would expect to find similar changes in hypocalcemic, thyroparathyroidectomized (TPTX)' rats. Accordingly, the present study was undertaken to quantitate the effects of hypocalcenmia without secondary hyperparathyroidism on matrix formation and mineralization. In addition, an attempt was made to assess the cause of the inhibition of osteoclastic bone resorption seen in TPTX rats.
METHODS Protocol
Male weanling (22-day old) Sprague-Dawley rats were randomly divided into two groups, both fed a semisynthetic diet containing 0.6% calcium and 0.6% phosphorus (3) . Prior to the experimental period, one group was thyroparathyroidectomized (TPTX) by blunt dissection and the other group was sham-operated. The TPTX rats were injected every other day with 4 /Lg/lOOg body weight of L-thyroxin (Levoid; Nutritional Control Products, Hollywood, Fla.); and the sham-operated group was inj ected with an equal volume of diluent. 3 days after TPTX, blood samples were drawn from the tail for serum calcium analysis. Only those TPTX rats with serum calcium values of less than 9.0 mg/100 ml were used for the study.
The rationale for using the protocol given below to make quantitative histological measurements of bone parameters has been described in detail elsewhere (1, 4, 5) . When 27 days of age both the sham-operated and TPTX rats were divided into two groups of nine rats each (i.e., basal and final groups). The two basal groups were sacrificed at the start of the experimental period, 2 h after i.p. injections of 20 mg tetracycline per kg body weight. The final groups were injected with 10 mg tetracycline per kg body weight i.p. daily for 7 days beginning at the time of sacrifice of the basal groups. All rats were sacrificed 10 days after starting the daily tetracycline injections and 2 h after a final injection of tetracycline, 20 mg/kg body weight i.p., to label the mineralizing front (1). Since a preliminary experiment indicated that food consumption was slightly decreased in TPTX rats, in this study the intact rats were pair fed with the TPTX rats to avoid effects of differences in food consumption on bone parameters.
A second experiment was done using a protocol very similar to that described above, the major difference being that both the sham-operated group and the TPTX final groups received a diet containing 1.2% calcium and 0.55% phosphorus throughout the experimental period. We previously demonstrated that this diet usually results in normal values of serum calcium and phosphorus in TPTX rats (5) . In this second experiment, the rats were 28 days old when tetracycline labeling was started and there were 10 rats each in the basal and final control groups and 15 rats each in the basal and final TPTX groups.
In a separate experiment the diurnal variation in serum calcium and phosphorus was determined in 28-day old TPTX rats fed a diet containing 1.2% calcium and 0.55% phosphorus. Serum measurements were made starting three days after the animals were given a 1.2% calcium and 0.55% phosphorus diet.
Serum chemistries
Blood was obtained by cardiac puncture at sacrifice or from tail vein when a series of determinations was made on the same animals. Total serum calcium and phosphorus determinations were made as previously described (1) (7) . Osteoid maturation rate is probably a better measurement of the onset of mineralization than is osteoid width since an increase in osteoid width may be related to either an increase in matrix apposition or a delay in the onset of mineralization, whereas the osteoid maturation rate is independent of apposition (1).
Periosteal initial inineralivation, rate (% of maximtum/h).
This is a measure of the rate at which mineral concentration increases from 0 to 20% of maximum mineral concentration. This rate is expressed as percent of maximum mineral concentration in mature bone but does not apply to mineral deposition between 21 to 100% of maximum mineral concentration. This method, which is based on the distance that tetracycline diffuses into low mineral content bone, gives results similar to those obtained from measurements of the actual rates of calcium and phosphorus deposition made by means of electron microprobe (8) .
Enidosteal bone resorption rate (mm'l/day). Since resorption increases, whereas formation decreases medullary area, the resorption rate is equal to the mean daily change in medullary area plus the endosteal bone formation rate (1, 9) . In our sampling site in the tibial diaphysis, the endosteal resorption rate represents essentially the total resorption rate because no resorption occurs at the periosteum, and that occurring at vascular canals is only 10% of the total and was ignored in this study (9) .
Linear rate of endosteal bone resorption (pnm/day). This is the mean width of endosteal bone resorbed per day and is calculated by dividing the amount of bone resorbed by the length of the endosteal surface involved in resorption. It is analogous to the periosteal matrix apposition rate. RESULTS TPTX rats fed our control diet containing 0.6% calcium and 0.6% phosphorus developed hypocalcemia and hyperphosphatemia (Table I) . Serum calcium in the basal and final TPTX groups were similar suggesting that the degree of hypocalcemia was sustained throughout the 10-clay experimental period (Table T) . In these TPTX rats as compared with shami-operated, intact control rats, osteoblastic matrix formation, the mineralization of newly formed matrix, and the osteoclastic bone resorption rate were all depressed (Table II) . Because of the mineralization defect, bone formation was depressed more than matrix formation. The matrix formation rate is a function of two components, the forming surface and the matrix apposition rate; and the inhibition of matrix formation in the TPTX rats was almost exclusively due to a decreased matrix apposition rate indicating decreased synthetic activity of individual osteoblasts (Table II) .
In the TPTX rats there was a delayed onset of mineralization, as indicated by the impairment of osteoid maturation, and a decreased mineralization rate (Tablt II). These changes are independent of matrix apposition and are typical of those seen in osteomalacia (1) . Thus, despite adequate intake of vitamin D, calcium, and phosphorus, these TPTX rats developed a mineralization defect.
Of particular interest was the finding of a strong correlation between the rates of osteoid maturation and mineralization when the data from the sham-operated control rats and the TPTX rats were pooled (Fig. 1) . Although the slopes for the sham-operated and TPTX groups may differ, it is clear that a relationship exists over a wide range of rates. This relationship cannot be explained by the manner in which these rates were determined since they represent independent measurements. These data suggest that the onset of mineralization and the rate of mineralization are tightly coupled, a conclusion consistent with previous observations (1) (2) (3) (4) (5) .
In TPTX rats as compared with intact rats, there was a 70% decrease in bone resorption (Table II) . Bone resorption is a function of two components, the resorbing surface and the linear rate of bone resorption. In the TPTX rats the decrease in resorption was largely due to a decrease in the linear rate of bone resorption.
When TPTX rats were fed a 1.2% calcium and a 0.55% phosphorus diet, rather than the 0.6% calcium and 0.6% phosphorus diet, only slight changes in serum calcium and phosphorus in bone were found (Tables III  and IV) . In these TPTX rats as compared with shamoperated control rats fed the same diet, serum calcium was decreased only about 10% and serum phosphorus was essentially unchanged (Table III) .
In sharp contrast to the first experiment, in these TPTX rats neither matrix formation nor mineralization were decreased (Table IV) . In addition, whereas in the first experiment bone resorption was markedly depressed in the TPTX rats, in this experiment bone resorption was similar in TPTX and sham-operated control rats fed the same diet (Table IV) . These two experiments show that the inhibition of matrix formation and mineralization and bone resorption seen in hypocalcemic hyperphosphatemic TPTX rats can be largely corrected by feeding TPTX rats a diet which results in near normal levels of serum calcium and phosphorus. DISCUSSION The present study of TPTX rats is one of a series of investigations in which we have quantitated discrete bone processes associated with matrix formation, mineralization, and bone resorption. These studies have been aimed at identifying systemic factors that influence each of these bone processes under pathophysiologic conditions (1, 2, 5) .
The results of this study strongly implicate hypocalcemia as a factor that impairs matrix formation and mineralization. On a normal calcium diet, TPTX rats became hypocalcemic and rates of bone matrix formation, osteoid maturation and bone mineralization were inhibited (Table II) . Evidence of decreased bone formation in both TPTX and parathyroidectomized animals and increased osteoid width in parathyroidectomized animals have been previously described (10) (11) (12) . Although an increase in osteoid width may be associated with an increase in bone matrix apposition (1, 13) , in TPTX rats the wide osteoid was due to a delayed onset of mineralization, as indicated by a decreased rate of osteoid maturation. When the dietary calcium level was raised so that the TPTX rats were able to maintain near normal serum calcium levels, formation and mineralization were no longer impaired. Thus neither thyroparathyroidectomy per se, nor the absence of parathyroid hormone (PTH) or calcitonin was responsible for the impaired matrix formation and mineralization. Impaired formation has also been found in the other conditions which resulted in hypocalcemia, i.e., calcitonin treat- Although the slopes for the intact and TPTX rats may differ, these data emphasize that a relationship exists between these two rates over a wide range of rates.
ment, vitamin D deficiency, and calcium deficiency
(1,2,9).
Hyperphosphatemia, though present in the TPTX animals, is an unlikely explanation for the depression of matrix formation and mineralization. For example, in hypocalcemic vitamine D-deficient rats both formation and mineralization were depressed even though serum phosphorus was normal (1) . And, in vitro, reduced but not elevated phosphorus in incubation medium inhibited radioproline incorporation into bone matrix (14) . From these observations it is probable that hypocalcemia inhibits matrix formation, osteoid maturation, and mineral deposition.
The inhibition of the onset of mineralization in TPTX rats was associated with hypocalcemia but not a decreased serum calcium phosphorus product; this product was actually increased. The onset of mineralization appears to be dependent upon osteoid maturation. Accordingly, matrix changes in lipid concentration, acid phosphatase activity, and particularly proteinpolysaccharide concentration are coordinated both spatially and temporally with the onset of mineralization (7, 15, 16) . Because osteoid maturation implies that the onset of mineralization is at least partially under cellular control, it seems likely that hypocalcemia inhibits the onset of mineralization by adversely affecting cell-mediated processes.
The extent to which cellular activity is involved in calcium and phosphorus deposition once the process has been initiated is uncertain, though there is evidence of a functional membrane around bone, which is maintained by bone cells and which influences the ionic composition of bone water (17) . In addition, the finding in animals treated with large amounts of fluoride, of a decreased mineralization rate despite normal levels of serum calcium and phosphorus, suggests that cellular activity may also be involved in this process (4) . Thus, the inhibition of the mineralization rate by hypocalcemia may also be through an effect on cellular activity.
The possibility that hypocalcemia inhibits osteoid maturation and mineralization by a similar mechanism is consistent with the strong correlation between the rate of osteoid maturation and mineralization in the present study. Furthermore, the magnitude of the changes in these two rates was similar under a number of other experimental conditions, viz., fluoride treatment, vitamin D deficiency, calcium deficiency, and phosphorus deficiency (1, 2, 4, 5) . Although the reason for this relationship is unknown, it is clear that these two rates are tightly coupled under a variety of experimental conditions.
It is generally held that the decrease in bone resorption in hypoparathyroidism is entirely due to PTH deficiency whereas evidence is accumulating to indicate that in TPTX rats hyperphosphatemia inhibits bone resorption. First, we previously found that in TPTX rats there is an inverse relationship between serum phosphorus and percent endosteal resorbing surface over serum phosphorus values ranging from high to low (5) . Second, in the present study bone resorption was low in hyperphosphatemic but near normal in normophosphatemic TPTX rats (Tables II and IV) . Third, in tissue culture increasing phosphorus concentration in the incubation medium decreases bone resorption and also decreases the effect of PTH to stimulate bone resorption (18) . Thus, the decreased resorption in the TPTX rats was probably due to hyperphosphatemia as well as hypoparathyroidism. In view of this, it is doubtful that PTH determines 75% of bone turnover since this concept is based on the observation that turnover falls 75% after removal of the parathyroid glands (19) .
Since the resorption rate was only slightly decreased in the normophosphatemic TPTX rats (Table IV) , one might conclude that hyperphosphatemia, as opposed to hypoparathyroidism, was primarily responsible for the inhibition of bone resorption in the hyperphosphatemic TPTX rats (Table II) . However, the control group for the experiment in Table IV was fed a high calcium diet which may have partially inhibited PTH secretion and thus PTH-mediated bone resorption. Accordingly, it is possible that the resorption rate would have been less in the normophosphatemic TPTX rats than in intact rats fed a normal calcium diet. In any case, it is evident that lowering the serum phosphorus was associated with an increase in bone resorption.
Although there is evidence that hypocalcemia per se stimulates bone resorption (20, 21) , in this study hypocalcemia was associated with decreased, not increased resorption. Also in tissue culture studies, decreasing calcium concentration in the medium does not significantly enhance resorption (18) .
Recent work suggests that the most potent vitamin D metabolite with respect to bone resorption is 1,25-dihydroxycholecalciferol (1,25-OH2D,) (22) , and that the synthesis of this metabolite is PTH dependent (23). Accordingly, it is possible that some of the bone changes in TPTX rats results from an abnormality in vitamin D metabolism. If so, these changes were not evident in TPTX rats fed a diet which resulted in near normal levels of serum calcium and phosphorous (Tables III   and IV). A major reason for undertaking this study was to gain some insight as to the factors responsible for the inhibition of matrix formation and mineralization seen in vitamin D-deficient and also in calcium-deficient animals (1, 2) . The relationships between serum and bone parameters in TPTX, vitamin D-deficient, and calcium-deficient rats are compared in Table V . The changes in serum calcium and mineralization *were similar in the three groups. However, on the basis of the degree of hypocalcemia, the inhibition of formation in the TPTX rats was less than expected. That these three experiments were done at different times and under conditions which were not identical may not be an adequate explanation for this discrepancy.
The degree of hyperphosphatemia was greatest in the TPTX rats, and this may have accounted for the lesser inhibition of bone formation (24) . Alternately, the presence of secondary hyperparathyroidism as well as hypocalcemia may have been responsible for the relatively greater depression of matrix formation in the calciumdeficient and vitamin D-deficient rats (Table V) . The validity of this possibility is uncertain at the present time, because under some conditions hyperparathyroidism results in decreased bone formation, whereas under other conditions it results in increased bone formation (13, (25) (26) (27) .
This study emphasizes that changes in serum calcium and phosphorus have important effects on bone processes. It seems possible that the effects of the serum ion changes are mediated through changes in the ionic concentration of calcium and possibly phosphorus within bone cells. If so, the results of this study are consistent with the concept advanced by Rasmussen that intracellular calcium and phosphate ion concentration play an important role in bone cell metabolism (28) . In this context, since a number of factors influence the concentration of calcium and phosphorus within cells, the similarities in Table V are more impressive than the differences.
